We are the first to report that the Chinese medicinal extract baicalin can inhibit colistin sulfateinduced PC12 cell apoptos is by inhibiting free radical da mage, and reducing caspase-3 activity and lactate dehydrogenase level.
INTRODUCTION
Colistin sulfate, a polymyxin E sulfate, is a cyclic cationic polypeptide antibiotic that was first introduced in 1952. Since the 1980s, colistin sulfate has been used to treat infections caused by gram-negative bacteria, particularly those that are resistant to almost all classes of commercially available antibiotics [1] [2] [3] [4] . However, colistin sulfate has been shown to have renal and neurological side effects. Through alteration of the outer membrane, colistin sulfate facilitates its own uptake and subsequently disrupts the bacterial cytoplasmic membrane. Resistance to colistin sulfate rarely occurs [5] [6] . Although previous studies have shown that nephrotoxicity is the most common adverse effect of colistin sulfate (9-50%) [7] [8] [9] [10] [11] and that neurological toxicity is also an adverse effect, the role of colistin sulfate in inducing neuronal cell apoptosis remains unclear.
The PC12 cell line is derived from a tumor found in the rat adrenal gland, and has been widely used as in vitro model to investigate the neurotoxicity of various compounds and study mechanisms associated with neurodegenerative disorders [12] [13] .The cells contain the enzymes required for synthesis and decomposition of dopamine such as tyrosine hydroxylase [8] and monoamine oxidase [14] . The membrane receptors and synthesized transmitters in PC12 cells are similar to dopaminergic neurons located in the midbrain. Therefore, PC12 cell lines have been used as a cellular model in Parkinsonism studies [15] . Polyphenols were chosen based on previous findings suggesting beneficial effects and decreased reactive oxygen species levels associated with delivery of polyphenols under oxidative stress conditions [16] .
Baicalin, a type of flavonoid extracted from the dried root of Scutellaria baicalensis georgi [17] , has a chemical formula of C 21 H 18 O 11 and a relative molecular weight of 446.35. Previous studies have shown pharmacological effects of baicalin, such as antioxidation and scavenging of oxygen-free radicals [18] [19] . Baicalin effectively protects against concanavalin A-induced liver cell apoptosis [20] . Baicalin pretreatment protects neonatal rats against hypoxic-ischemic brain damage, and reverses neonatal injuries [21] . Similar protective effects of baicalin have also been observed on oxidized low-density lipoprotein-induced apoptosis in vascular endothelial cells [22] , and baicalin can inhibit amyloid-induced neuronal apoptosis [23] . However, little information exists on the role of baicalin in colistin sulfate-induced neuronal apoptosis. This study investigated the mechanisms of colistin sulfate-induced apoptosis in PC12 cells and the protective effect of baicalin in colistin sulfate-induced apoptosis of PC12 cells.
RESULTS

Baicalin increased cell viability in colistin sulfate-treated PC12 cells
The 3-[4, 5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT) assay showed that compared with the control group, cell viability after treatment with colistin sulfate (62.5-500 μg/mL) was reduced from 94% to 27.2% in a concentration-dependent manner (P < 0.05 or P < 0.01) ( Figure 1A ). At the lower concentrations of colistin sulfate (125 μg/mL), cell viability reached 66.4%. This concentration was used for all subsequent experiments. As shown in Figure 1B , it was observed that pretreatment with baicalin (25, 50 and 100 μg/mL) significantly decreased colistin sulfate (125 μg/mL)-induced cell death (P < 0.01 or P < 0.05).
Baicalin improved morphologic changes in colistin sulfate-treated PC12 cells As shown in Figure 2A , with an increased dose of colistin sulfate, cell morphology was significantly altered, the number of cells decreased, cells shrank and aggregated into clusters, axons decreased or were absent, and vacuoles and small spots were present when compared with the control group. A large number of cells died when treated with 500 μg/mL colostin (data not shown). As shown in Figure 2B , pretreatment with baicalin (25, 50 and 100 μg/mL) markedly improved the colistin sulfate-induced morphologic change of PC12 cells.
Evaluation of the apoptotic morphology of PC12 cells using Hoechst 33258 staining was monitored using an inverted fluorescence microscope (Figure 3 ). Characteristics of colistin sulfate-induced apoptosis were associated with chromatin condensation. As shown in Figure 3A , an increased dose of colistin sulfate resulted in condensation and fragmentation of nuclei when compared with the control group. As shown in Figure 3B , pretreatment with baicalin (25, 50 and 100 μg/mL) markedly decreased condensation and fragmentation of nuclei in colistin sulfate-treated PC12 cells.
Baicalin reduced lactate dehydrogenase release in colistin sulfate-treated PC12 cells As shown in Figure 4 , the levels of lactate dehydrogenase release significantly increased after incubation of PC12 cells with various concentrations of colistin sulfate (62.5-500 μg/mL) for 24 hours (P < 0.01 or P < 0.05; Figure 4A ). When the cells were pretreated with baicalin (50 and 100 μg/mL) for 24 hours, lactate dehydrogenase release levels were significantly reduced in comparison to cells treated with colistin sulfate (125 μg/mL) (P < 0.01 or P < 0.05; Figure 4B ).
Effects of baicalin on caspase-3 activity in colistin su lfate-treated PC12 cells Caspase-3 is an important regulatory protein expressed during apoptosis [23] . Caspase-3 was activated in PC12 cells by colistin sulfate treatment. Exposure to colistin sulfate for 24 hours caused an increase in caspase-3 activity in a dose-dependent manner (P < 0.05 or P < 0.01; Figure 5A ). As shown in Figure 5B , when PC12 cells were treated with baicalin (25, 50 and 100 µg/mL) for 24 hours prior to exposing cells to colistin sulfate, caspase-3 activity was significantly reduced in comparison to cells treated with colistin sulfate (125 μg/mL) (P < 0.01 or P < 0.05). The above-described results showed that baicalin suppressed caspase-3 activity in a dosedependent manner.
Intracellular accumulation of oxygen-free radicals in PC12 cells
We next determined if baicalin attenuated caspase-3 activity by its antioxidant property or whether suppression of free radical production was sufficient to prevent apoptosis. To evaluate dose-dependent reactive oxygen Cell viability = average absorbance value of experimental group/aver age absorbance value of control group × 100%. Data are expressed as an absor bance ratio to the control (untreated neurons). Data are expressed as mean ± SD. Significance of differences betw een means w as deter mined by paired t-test. All experiments w ere repeated at least three times.
a P < 0.05, b P < 0.01, vs. contr ol group. c P < 0.05, d P < 0.01, vs. colistin sulfate group.
(A) Neurotoxic effect of colistin sulfate (62.5 to 500 μg/mL) at 24 hours. Fluorescence significantly increased from 36% to 137% of the control without colistin sulfate (P < 0.01 or P < 0.05; Figure 6A ). Pretreatment with baicalin (50 and 100 µg/mL) for 24 hours significantly suppressed the generation of reactive oxygen species in comparison to cells treated with colistin sulfate (125 μg/mL) (P < 0.01; Figure 6B ).
DISCUSSION
Neuronal apoptosis is an important pathological mechanism and a key event for memory loss. Therefore, disrupting the apoptotic pathway and inhibiting apoptosis have become novel targets [24] . The present study demonstrated that cell survival was significantly reduced following colistin sulfate injury. Further tests showed that colistin sulfate significantly induced cell apoptosis in a dose-dependent manner. Data are expressed as mean ± SD. Significant differences betw een means w ere deter mined using the paired t-test. All exper iments w ere repeated at least three times. a P < 0.05, b P < 0.01, vs. control gr oup. c P < 0.05, d P < 0.01, vs. colistin sulfate group.
(A) Neurotoxic effect of colistin sulfate at concentrations ranging from 62.5 to 500 μg/mL for 24 hours using the lactate dehydrogenase (LDH) assay kit.
(B) Neuropr otective effect of baicalin against colistin sulfate-induced neurotoxicity in PC12 cells detected using the LDH assay kit. The cells w ere preincubated w ith baicalin (final concentrations: 0, 25, 50, 100 µg/mL) for 24 hours, then the cells w ere exposed to 125 µg/mL colistin sulfate for 24 hours. Data from this study showed that treatment with colistin sulfate resulted in a significant increase in reactive oxygen species levels in a dose-dependent manner. Generation of reactive oxygen species in the cytoplasm of cells may increase mitochondrial hydrogen peroxide production and lipid peroxidation of the mitochondrial membrane, resulting in the loss of membrane integrity and cell necrosis or apoptosis. This was consistent with our hypothesis addressing the neurological toxicity mechanism of colistin sulfate. In addition, colistin sulfate-injured cells shrank and aggregated into clusters; axons reduced, vacuoles appeared, and the number of cells with condensed and fragmented nuclei increased. Moreover, lactate dehydrogenase activity in the supernatant significantly increased in colistin sulfate-injured PC12 cells, caspase-3 activity increased and PC12 cell survival decreased. The above-mentioned data showed that colistin sulfate could induce apoptosis in PC12 cells.
Baicalin, a flavonoid with a glucuronide structure, produces baicalin and glucuronic acid following hydrolysis. Many phenolic hydroxyl groups exist in the chemical structural formula of baicalin, and the A ring comprises a catechol structure. The number of phenolic hydroxyl groups is strongly associated with free radical scavenging activity [25] . A greater number of phenolic hydroxyl groups and a greater amount of hydrogen atoms that integrate with free radicals result in more effective free radical scavengers [25] . Pharmacological studies have revealed a strong effect of baicalin to remove hydroxyl, superoxide, and alkyl radicals, as well as to prevent and reverse cellular apoptosis and aging mechanisms [18] . The present study used baicalin to inhibit colistin sulfate-induced apoptosis in PC12 cells and increase cell Reactive oxygen species (ROS) level = (average absorbance value of experimental group/average absorbance value of control group) × 100%. Results are expressed as the % absorbance of the control (untreated neurons). Data are expressed as mean ± SD. Significant di fferences bet w een means w ere determined by paired t-test. All experiments were repeated at least three times. a P < 0.05, b P < 0.01, vs. control group. c P < 0.01, vs. colistin group.
(A) Neurotoxic effect of colistin sulfate at concentrations ranging from 0 to 500 μg/mL for 24 hours.
(B) Neuropr otective effect of baicalin against colistin sulfate-induced neurotoxicity in PC12 cells. Cells w ere preincubated w ith baicalin (final concentrations: 0, 25, 50, 100 µg/mL) for 24 hours, and then they w ere cultured in 125 µg/mL colistin sulfate for 24 hours. Baicalin (μg/mL) +125 μg/mL colistin sulfate Colistin sulfate (125 μg/mL) a viability in a dose-dependent manner. This study confirmed that baicalin was effective at protecting PC12 cells against colistin sulfate injury. This study further showed that baicalin, not only suppressed the generation of reactive oxygen species and decreased lactate dehydrogenase level, but also attenuated caspase-3 activity, and eventually protected against colistin sulfate-induced apoptosis. Our findings indicate that baicalin may act on reactive oxygen species to inhibit apoptosis following colistin sulfate-induced neurotoxicity. This study especially demonstrated a significant decrease in lactate dehydrogenase level, caspase-3 activity and reactive oxygen species production in PC12 cells preincubated with baicalin following colistin sulfate exposure. Previous studies have used other oxidants such as tert-butylhydroperoxide and H 2 O 2 as oxidative stressors because they have been shown to efficiently increase the activity of endogenous enzymes in cultured cells [26] [27] . Plant polyphenolic compounds such as panduratin A and sylibin, as well as plant extracts, which have high antioxidant activity, have been shown to reverse the glutathione-depleting effect of tert-butylhydroperoxide in hepatocyte systems [28] . Our research data also suggests that baicalin may have antioxidant properties.
In conclusion, our findings, in conjunction with data reported by other investigators, clearly indicate that colistin sulfate can induce PC12 cell apoptosis and that baicalin effectively inhibits colistin sulfate-induced apoptosis in PC12 cells. In addition, mechanistic studies showed that baicalin protected neurons and regulated key steps of cellular apoptosis, such as excessive inhibition of free radical injury, caspase-3 expression, and lactate dehydrogenase activity. When colistin is used to control multidrug resistant bacterial infections in hospitals, we suggest that a concentration of 50 μg/mL baicalin be added in colistin sulfate injections to protect against colistininduced neurotoxicity. Simultaneously, baicalin in conjunction with colistin can be used to control bacterial infections and increase the clinical curative effect. Overall, our study provides the basis and reference for long-term reasonable use of colistin in a clinical setting.
MATERIALS AND METHODS
Design
An in vitro, comparative, cell biology study.
Time and setting
The experiment was performed from July 2011 to March 2012 at the Veterinary Pharmacology Laboratory, College of Veterinary Medicine, Northeast Agricultural University, China. Colistin sulfate and baicalin were dissolved in Dulbecco's modified Eagle's medium (DMEM). Exposure to baicalin and colistin sulfate For colistin sulfate exposure, PC12 cells were incubated with colistin sulfate at doses of 62.5-250 µg/mL for 24 hours. For baicalin protective experiments, cells were preincubated with baicalin (final concentrations: 0, 25, 50, 100 µg/mL) for 24 hours, and then exposed to 125 µg/mL colistin sulfate for 24 hours. In all experiments, control groups received DMEM.
Materials
Cells
Methods
PC12 cell culture
Analysis of cell viability
The MTT assay was used to assess cell viability. Cells were seeded onto 96-well plates at a density of 1 × 10 5 cells/well. After cells were incubated for 24 hours, the supernatant was discarded, and each well was treated with 5 mg/mL MTT (Sigma-Aldrich) for 4 hours. The reaction was terminated in 150 μL anhydrous dimethyl sulfoxide (DMSO; Sigma-Aldrich) with shaking for 10 minutes. The absorbance at 570 nm was measured on a Sunrise enzyme immunoassay instrument (Tecan, Sweden) [29] [30] . Cell viability was calculated using the following equation: average absorbance value of experimental group/average absorbance value of control group × 100%.
Examination of nuclear morphology detected by Hoechst 33258
Hoechst 33258 was employed to label both intact and apoptotic nuclei. Cells were seeded onto 96-well plates at a density of 1 × 10 5 cells/well. Following treatment, PC12 cells were washed in ice-cold phosphate buffered saline (PBS; pH 7.4), fixed with 4% (w/v) paraformaldehyde and incubated with 1 µg/mL Hoechst 33258 (Sigma-Aldrich) for 3 minutes at room temperature. Condensed and fragmented nuclei were evaluated by intercalation of the fluorescent probe into nuclear DNA. Visualization was conducted at an excitation wavelength of 480 nm and an emission wavelength of 520 nm using the Olympus IMT-2 fluorescence microscope (Tokyo, Japan).
Lactate dehydrogenase release assay
Cytotoxicity was quantitatively assessed by measuring the activity of lactate dehydrogenase released from damaged cells into the cell culture medium [30] . At the end of the treatments, PC12 cells and the media which contained detached cells were collected and centrifuged at 1 000 r/min at 4°C for 5 minutes. The supernatant was used to measure lactate dehydrogenase activity. Enzyme activity was determined using an assay kit according to the manufacturer's protocol (Nanjing Jiancheng Biotech, Nanjing, Jiangsu Province, China). The absorbance of the samples was read at 450 nm. Lactate dehydrogenase release was proportional to the number of damaged PC12 cells. Reagent blanks were subtracted. Cell lysates containing cytosolic fractions were collected and total protein concentration was determined using the BCA™ protein assay kit (Boster Biotech, Wuhan, Hubei Province, China). The microplate spectrofluorometer reader (Perkin Elmer, Vernon Hills, USA) output corresponding to caspase-3 activity was corrected for total protein. Caspase-3 activity was expressed as relative fluorescence units.
Evaluation of intracellular reactive oxygen species generation
To measure reactive oxygen species generation, a fluorometric assay using intracellular oxidation of DCFH 2 -DA was performed as reported previously with slight modifications [31] . DCFH 2 -DA is a nonfluorescent compound, and can be enzymatically converted to the highly fluorescent compound DCF in the presence of reactive oxygen species. After treatment, PC12 cells were incubated with 200 µL medium containing 2 µL of a 20 mmol/L stock solution of DCFH 2 -DA (Sigma-Aldrich) dissolved in ethanol. Cells were left in the dark for 30 minutes at 37°C in a 5% (v/ v) CO 2 atmosphere. After loading, cells were washed twice with normal medium and DCF fluorescence was measured using the Wallac Victor Multilabel Counter (Perkin Elmer, Vernon Hills, USA) with excitation and emission wavelengths of 485 and 530 nm, respectively [32] [33] . Results were expressed as a percentage of controls.
Statistical analysis
Data are presented as mean ± SD and were analyzed by SPSS 16.0 software (SPSS, Chicago, IL, USA). A paired t-test was used to compare between two groups and analysis of variance was used for multiple comparisons. A value of P < 0.05 or P < 0.01 was considered statistically significant.
